The genes required for ␥-polyglutamic acid (PGA) production were cloned from Bacillus subtilis IFO16449, a strain isolated from fermented soybeans. There were four open reading frames in the cloned 4.2-kb DNA fragment, and they were almost identical to those in the ywsC and ywtABC genes of B. subtlis 168. Northern blot analysis showed that the four genes constitute an operon. Three genes, ywsC, ywtA, and ywtB, were disrupted to determine which gene plays a central role in PGA biosynthesis. No PGA was produced in ⌬ywsC and ⌬ywtA strains, indicating that both of these genes are essential for PGA production. To clarify the function of the YwsC protein, histidine-tagged YwsC (YwsC-His) was produced in the ⌬ywsC strain and purified from the lysozyme-treated lysate of the transformant by Ni-nitrilotriacetic acid affinity chromatography. Western blot analysis revealed that the YwsC-His protein consists of two subunits, the 44-kDa and 33-kDa proteins, which are encoded by in-phase overlapping in the ywsC gene.
Some Bacillus strains produce ␥-polyglutamic acid (PGA), an amino acid polymer that consists of only D-glutamic acid or D-and L-glutamic acid polymerized through ␥-glutamyl bonds, as a capsular or an extracellular viscous material (6) . PGA was first discovered as a component of the capsule of Bacillus anthracis (19) and Bacillus mesentericus (18) and was isolated from the culture medium of Bacillus subtilis (7) . Since then, a number of bacteria producing PGA, including B. subtilis (8, 17, 21, 22) , Bacillus licheniformis (9, 42) , and Bacillus megaterium (13, 41) , have been reported. PGA is a main constituent of the sticky material in natto, a Japanese traditional food made from soybeans that have been steamed and then fermented by B. subtilis (14) .
Concerning PGA biosynthesis, Makino et al. reported cloning of three genes, capBCA, responsible for capsular PGA biosynthesis from B. anthracis, and the gene products occurred together as membrane-associated proteins in the Escherichia coli transformant (26, 27, 43) . The complete genome sequence of B. subtilis 168, in which ywsC and ywtAB were found to be highly homologous to the capBCA genes of B. anthracis, has been made available in databases (31) . Recently, pgsBCA genes for PGA biosynthesis were also cloned from B. subtilis IFO3336, and their sequences were found to be the same as those of the ywsC and ywtAB genes of B. subtilis 168 (2) . These three genes seem to be involved in PGA production; however, little is known about the function of each gene product in PGA biosynthesis.
In this paper, we describe the cloning and gene disruption of the ywsC and ywtAB genes, which are responsible for PGA production in B. subtilis IFO16449, a strain isolated from natto, and we also describe the characterization of the YwsC 44-kDa and 33-kDa proteins, which catalyze the biosynthesis of PGA from L-glutamate, a crucial enzyme in PGA production.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacillus subtilis IFO16449, a strain isolated from commercial fermented soybeans (29) , was used in this study. E. coli JM109 and plasmids pUC19 and pHY300PLK were purchased from Takara Shuzo Co. (Kyoto, Japan). Plasmids pMutin4MCS (44) and pC194 (15) were used for gene disruption. B. subtilis and E. coli were routinely grown at 37°C overnight in Luria-Bertani (LB) medium (35) . If necessary, ampicillin, tetracycline, and chloramphenicol were added to final concentrations of 50, 20, and 5 g/ml, respectively.
For PGA production of B. subtilis IFO16449 and its derivatives, we used a chemically defined medium (PGA medium) consisting of 2% glucose, 2% sodium L-glutamate, 1% (NH 4 ) 2 SO 4 , 0.1% Na 2 HPO 4 , 0.1% KH 2 PO 4 , 0.05% MgSO 4 ⅐ 7H 2 O, 0.002% MnCl 2 ⅐ 4H 2 O, 0.005% FeCl 3 ⅐ 6H 2 O, and 0.5 g of biotin (pH 7.5) per ml (22) . Spizizen minimal medium (1) was also used for cell growth. Cells were grown in a 200-ml conical flask containing 30 ml of the medium at 37°C on a rotary shaker. The E. coli transformant was cultured in LB medium supplemented with 2% sodium L-glutamate and 0.05% MnCl 2 ⅐ 4H 2 O for PGA production.
General DNA manipulation. Restriction enzymes, T4 DNA ligase, and other DNA-modifying enzymes were purchased from Takara Shuzo (Kyoto, Japan). Genomic DNA of B. subtilis IFO16449 was isolated by the method of Saito and Miura (34) . DNA sequencing was performed by the dideoxy chain termination method (36) using a Thermo Sequence premixed cycle sequencing kit (Amersham) on a Hitachi SQ-5500 DNA sequencer. Nucleotide sequences were analyzed using the Genetyx Mac computer program version 10 (Software Development Co., Ltd., Tokyo, Japan).
Cloning of ywsC and ywtABC genes. A sense primer, 5Ј-GTGTGACTATAC GTCAGAAAGG-3Ј, and an antisense primer, 5Ј-TGCGAATTGCTGTGTGC CGATCG-3Ј, were designed on the basis of the sequence of the ywsC gene of B. subtilis 168 (31) . A DNA fragment was amplified by PCR, and the amplified fragment was inserted into the SmaI site of pUC19 to analyze the nucleotide sequence. When used as a probe, the fragment was labeled with horseradish peroxidase using an ECL labeling kit (Amersham) according to the protocol of the supplier. The genomic DNA of B. subtilis IFO16449 was digested with BglII, and 4-to 5-kb fragments were collected and inserted into the BamHI site of pUC19. The ligation mixture was transformed into E. coli JM109, and the transformants were screened by colony hybridization using the PCR-amplified fragment as a probe. Hybridization was carried out overnight in an ECL hybrid-ization buffer (Amersham), and the plasmid isolated from a positive clone was named pBF1 (Fig. 1) . Transformation of E. coli JM109 was carried out by the method of Inoue et al. (16) .
Disruption of ywsC and ywtAB genes. Plasmid pUC19-CS with a cat-spac cassette was constructed by the following procedure. A 0.6-kb SmaI fragment containing a spac promoter was excised from pMutin4MCS and inserted into the SmaI site of pUC19, generating pUC19-S. A 1.0-kb NaeI-XhoII fragment containig the cat gene was cut from pC194 and inserted into SacI of pUC19-S. The constructed plasmid, in which the cat gene was located upstream of the spac promoter, was named pUC19-CS. Plasmids for disruption of the ywsC, ywtA, and ywtB genes were constructed as follows. The 1.6-kb cat-spac cassette of pUC19-CS was excised with EcoRI and inserted into the BalI, NaeI, and Van91I sites of pBF1 (Fig. 1) . The constructed plasmids, named pBCD, pBAD, and pBBD, respectively, were transformed into B. subtilis IFO16449 for construction of ⌬ywsC, ⌬ywtA, and ⌬ywtB strains by the method of Cutting and Horn (10) .
Construction of a plasmid containing ywsC with a histidine-tagged codon. Plasmid pYWSC containing ywsC with a histidine-tagged codon was constructed by the following procedure. The 3Ј-terminal region of the ywsC gene was amplified by PCR with pBF1 DNA as a template and the following two primers: a sense primer, 5Ј-AAGAAATCGGTTACCCACC-3Ј (underlining indicating the BstPI site), and an antisense primer, 5Ј-ATCGAGGATCCCTAATGATGATG ATGATGATGGCTTACGAGCTGCTT-3Ј (underlining and italic letters indicate the BamHI site and histidine-tagged codon, respectively). The amplified fragment was digested with BstPI and BamHI, and a 300-bp BstPI-BamHI fragment was recovered from agarose gel. The DNA fragment including the 34-bp palindromic transcriptional terminator was amplified by PCR with pBF1 DNA as a template and the following two primers: a sense primer, 5Ј-ATCGAGGATC CTTCAAAAAAGAGAGTGTC-3Ј (underlining indicating the BamHI site), and an antisense primer, 5Ј-CTTCTTGAGCTCGCCAGTGTGTTCACT-3Ј (underlining indicating the SacI site). The amplified fragment was cut with BamHI and SacI, and a 150-bp BamHI-SacI fragment was collected. These two fragments were then inserted in order of the restriction sites into the BstPI-SacI fragment (4.7 kb) cut from pBF1, generating pYHT. A 2.0-kb fragment containing ywsC with a histidine-tagged codon and the transcriptional terminator region was excised with SphI and SacI from pYHT and then inserted into the SmaI site of pHY300PLK. The resulting plasmid, named pYWSC, was transformed into the ⌬ywsC strain by the method of Cutting and Horn (10) .
Deletion of the ywsC gene. The plasmid pYHT mentioned above was digested with SacII, and then both of the termini were blunted by T4 DNA polymerase. The 2-bp short linear plasmid was circularized by the ligase reaction, and the circular plasmid was cut with SphI and SacI to excise the 2.0-kb fragment containing ywsC with a histidine-tagged codon. The fragment was then inserted into the SmaI site of pHY300PLK, generating pYWSC-Sac, which was transformed into the ⌬ywsC strain in the manner described above.
Northern blot analysis. Cells were grown in PGA medium as described above at 37°C for 4 h with shaking. Total RNA was extracted from the cells with Isogen (Nippon Gene) according to the manual of the supplier. After denaturation, 10 g of the total RNA was subjected to electrophoresis on a 1% agarose gel and blotted onto a Hybond N ϩ membrane (Amersham). Hybridization was performed using a digoxigenin-labeled DNA probe according to the protocol of the supplier (Rosh Diagnostics). The SacII-BstPI fragment (0.7 kb) excised from pBF1( Fig. 1 ) was used as a probe specific for ywsC mRNA.
Western blot analysis. Histidine-tagged proteins were separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride membrane (Bio-Rad). The blotted membrane was incubated with nickel-nitrilotriacetic acid (NTA)-alkaline phosphatase (AP) conjugate (Qiagen), and the proteins were visualized with 5-bromo-4-chloro-3-indolylphosphate (Sigma) and nitro blue tetrazolium (Sigma) according to the manual of the supplier.
Production and purification of histidine-tagged YwsC. The ⌬ywsC strain harboring pYWSC was grown at 37°C for 10 h with shaking in PGA medium containing 20 g of tetracycline and 5 g of chloramphenicol per ml. Cells were harvested from 1,000 ml of culture by centrifugation and resuspended in 100 ml of 10 mM imidazole buffer (10 mM imidazole, 20 mM Tris-HCl, 0.3 M NaCl, 20% glycerol, pH 8.0). Lysozyme (Sigma) and DNase I (Sigma) were added to final concentrations of 1.0 and 0.1 mg/ml, respectively. After incubation for 30 min at 37°C, 4 ml of 5% Triton X-100 was added to the lysate, and the incubation was continued for 1 h at 4°C with shaking. The lysate was centrifuged at 100,000 ϫ g for 30 min, and the supernatant was applied to an Ni-NTA-agarose column (2 ml; Qiagen) equilibrated with 10 mM imidazole buffer. The column was washed with 10 mM imidazole buffer, and then histidine-tagged proteins were eluted with imidazole buffer (20 mM Tris-HCl, 0.3 M NaCl, 20% glycerol, pH 8.0) containing a stepwise gradient of imidazole from 100 to 500 mM.
Assay for PGA synthetase. PGA synthetase activity was measured by the method of Troy (42) , in a final volume of 50 l. The incubation was carried out for 2 h at 30°C, and 10 l of the mixture was spotted onto Whatman no. 3MM paper and chromatographed using the solvent system of 1-butanol-acetic acid-water (40:8.8:20, by volume). The chromatogram was dried, the 14 C-labeled PGA at the origin was cut into a vial, and the radioactivity in a toluene scintillation solution was measured. The synthesized [
14 C]PGA was also detected by SDS-PAGE after the mixture had been treated with proteinase K (Sigma) and then concentrated by a centrifugal filter (Millipore). Protein was determined by the method of Lowry et al. (25) with bovine serum albumin as a standard.
Detection of the product of ATP cleavage. AMP, ADP, and ATP were separated on a phosphoethyleneimine-cellulose thin-layer plate by the method of Randerath and Randerath (32) . Incubation was carried out at 30°C for 2 h in a reaction mixture (50 l) containing 50 mM Tris-HCl buffer (pH 8.0), 20 mM L-glutamate, 89 M [8-
14 C]ATP (2.07 GBq/mmol; New England Nuclear), 10 mM ATP, 4 mM MnCl 2 , and enzyme solution (30 g of protein).
SDS-PAGE and PGA determination. SDS-PAGE of proteins was performed using a 10% polyacrylamide gel at pH 7.0 by the method of Laemmli (23) . The gel was stained with Coomassie brilliant blue R-250. The molecular weight of proteins was estimated by comparison with protein markers (Daiichi Pure Chemistry Co.). SDS-PAGE of PGA was also done using a 10% polyacrylamide gel by the method of Yamaguchi et al. (45) . The amount of PGA was determined by an amino acid analyzer after acid hydrolysis according to the method of Ogawa et al. (30) .
Nucleotide sequence accession number. The sequences of the ywsC and ywtABC genes of B. subtilis IFO16449 have been submitted to the GenBank, EMBL, and DDBJ databases and can be accessed under accession number AB046355.
RESULTS
Cloning of the genes required for PGA production. A 4.2-kb DNA fragment containing the ywsC and ywtABC genes was cloned from B. subtilis IFO16449. The ywsC and ywtAB genes were almost identical to the ywsC-ywtAB and pgsBCA genes of B. subtilis 168 (31) and B. subtilis IFO3336 (2), respectively. The E. coli transformant harboring pBF1 was grown in LB medium containing 2% L-glutamate and 0.05% MnCl 2 , and PGA productivity was examined by SDS-PAGE. As shown in Fig. 2 , PGA was produced by the transformant, indicating that the cloned 4.2-kb DNA fragment possesses genes required for PGA production. Northern blot analysis showed that one transcript hybridized with a probe specific for ywsC mRNA is approximately 3.0 kb, suggesting that the ywsC and ywtABC genes consist of an operon (data not shown).
Disruption of ywsC, ywtA, and ywtB genes. To determine which gene plays a central role in PGA production in B. subtilis, we constructed three gene disruptants defective in ywsC, ywtA, and ywtB as described in Materials and Methods. Disruption of each gene was verified by Southern blot analysis (data not shown). The ⌬ywsC, ⌬ywtA, and ⌬ywtB strains were grown in PGA medium, and cell growth was monitored to investigate the physiological effect of gene disruption, but all three disruptants grew nearly two times faster than the parent strain, indicating that these genes are not required for cell growth in this strain.
PGA productivity of the three strains was examined by SDS-PAGE analysis (Fig. 3) . PGA was not detected from the supernatant of the ⌬ywsC or ⌬ywtA strain. On the other hand, the ⌬ywtB strain produced PGA, but PGA productivity was greatly reduced. These results indicate that the ywsC and ywtAB genes are required and that YwsC and YwtA are essential for PGA production. YwtB seems to be required for maximum PGA production.
Expression of YwsC-His proteins. The results described above suggested that YwsC or YwtA is a PGA synthetase in B. subtilis IFO16449. We therefore constructed pYWSC containing a histidine-tagged codon at the 3Ј end of the ywsC gene and produced histidine-tagged YwsC under the control of the promoter of the ywsC gene as described in Materials and Methods. Plasmid pYWSC was transformed into the B. subtilis IFO16449 ⌬ywsC strain, and PGA productivity of this complemented strain was investigated. As shown in Fig. 4A , the ⌬ywsC strain harboring pYWSC produced PGA, indicating that the histidine-tagged ywsC gene is expressed in this transformant.
Cells harboring pYWSC were grown in PGA medium. Crude extract was prepared, and the histidine-tagged YwsC protein was analyzed by Western blotting using an Ni-NTA-AP conjugate, which can be used for detection of recombinant protein with an accessible histidine tag. As shown in Fig. 4B , two major signals of 44 and 33 kDa were detected. The molecular mass of the 44-kDa protein was in good agreement with the molecular weight of 44,070 deduced from the ywsC gene. Since the control experiments using the crude extracts from the wild-type and ⌬ywsC strains gave no signal, the 33-kDa protein is also the product of the ywsC gene as a histidine-tagged protein.
It is possible that the 33-kDa protein is derived from the 44-kDa protein by posttranslational modification. To test this possibility, we constructed a 2-bp deletion mutant at the SacII site in the ywsC gene for generating a stop codon 42 codons downstream from the SacII site. This plasmid was transformed into the B. subtilis IFO16449 ⌬ywsC strain, and histidinetagged YwsC protein was analyzed by Western blotting (Fig.  4B) . The strain harboring the deletion plasmid could not produce the 44-kDa protein but produced the 33-kDa protein, indicating that the 33-kDa protein is not derived from the 44-kDa protein but rather is translated independently. Based on this result and the molecular mass of the 33-kDa protein, we propose that the initiation codon of the 33-kDa protein is at ATG 287 bases downstream from the initiation codon of the 44-kDa protein (Fig. 5) . Purification and properties of YwsC-His proteins. YwsCHis proteins were purified from the solubilized membrane fraction by nickel affinity chromatography, and the purified proteins were analyzed by SDS-PAGE (Fig. 6) . Two bands corresponding to 44 and 33 kDa, which were identical to the proteins detected by Western blot analysis, were detected by Coomassie brilliant blue staining. On the other hand, gel filtration using Sephacryl S-200 HR showed that the molecular weight of purified YwsC-His is 150,000, suggesting that the 44-kDa and 33-kDa proteins constitute the YwsC protein.
In vitro PGA synthesis by purified YwsC-His was carried out by the incorporation of 14 C-labeled PGA synthesized in the reaction mixture was detected by SDS-PAGE, indicating that the molecular weight was between 20,000 and 140,000 (data not shown). Table 1 shows the radioactivity of the synthesized [ 14 C]PGA, in which a certain amount of the incorporated radioactivity was found under the conditions mentioned above. The activity of this enzyme was dependent on ATP and Mn When CTP, GTP, and UTP were used as substrates in this reaction, GTP exhibited lower activity. Of the divalent ions examined, Mn 2ϩ ions stimulated the synthetic reaction, but neither Mg 2ϩ , Ca 2ϩ , nor Co 2ϩ ions stimulated the reaction. Considering the properties of the enzyme, the synthetic enzyme may be called ␥-polyglutamic acid synthetase (EC class 6.3.2) according to the recommended nomenclature (28) .
Amide bond ligases are divided into two subgroups depending on the mode of ATP activation (37) . One subgroup activates the ␥-carboxyl group via adenylate-substrate intermediates, and the other activates the ␥-carboxyl group via acylphosphate intermediates. Figure 7 shows the hydrolysis product of 14 C-labeled ATP. Only ADP was detected as a nucleotide released from ATP in the enzymatically synthetic reaction of polyglutamate from L-glutamate. This result indicates that ADP ϩ P i is the product of the reaction and that YwsC is an ADP-forming amide bond ligase.
Requirement of 44-kDa and 33-kDa YwsC proteins for PGA biosynthesis. When the ⌬ywsC strain harboring pYWSC was grown in Spizizen minimal medium containing 2% L-glutamate, neither PGA nor the 33-kDa protein was produced (data not shown). Also, no PGA was produced from the ⌬ywsC strain harboring pYWSC-Sac (Fig. 4A, lane 5) . These results suggested that both the 44-kDa and 33-kDa proteins are required for PGA biosynthesis in B. subtilis IFO16449.
We then purified the 44-kDa protein from the ⌬ywsC strain harboring pYWSC grown in Spizizen minimal medium containing 2% L-glutamate, and the 33-kDa protein was purified from the ⌬ywsC strain harboring pYWSC-Sac (Fig. 6 , lane 3 and lane 4, respectively). PGA synthetase activity was assayed using the purified enzyme solution. Incorporation of L-[ 14 C]glutamate into PGA was not observed in the reaction mixture containing only the 44-kDa or 33-kDa protein (data not shown). This result indicates that both subunits of the 44-kDa and 33-kDa proteins are required for PGA synthesis.
DISCUSSION

Troy et al. reported that the poly-␥-D-glutamyl capsule of B.
licheniformis is synthesized by a membrane-associated enzyme reaction in which the synthetic complex catalyzes the activation, racemization, and polymerization of L-glutamate to form poly-␥-D-glutamate; however, the membrane enzymes catalyzing the reaction have not yet been purified (12, 42) . A similar experiment using the membrane fraction of the same strain has been carried out by other researchers, but still no purified enzyme has been obtained (24) . On the other hand, the capBCA genes responsible for biosynthesis of the poly-␥-glutamyl capsule of B. anthracis have been cloned in an E. coli transformant, but there is no information on the function of each gene product (27) .
In this study, we purified histidine-tagged YwsC, which consists of two subunits (44-kDa and 33-kDa proteins), and we demonstrated that the purified proteins catalyze the biosynthesis of high-molecular-weight poly-␥-glutamate from L-glutamate in the presence of ATP and Mn 2ϩ ions, indicating that the YwsC proteins may be called poly-␥-glutamate synthetase and belong to the ATP-dependent amide ligase superfamily (4, 11) . ADP was only detected as a nucleotide released from ATP in the enzymatically synthetic reaction of polyglutamate from L-glutamate (Fig. 7) . This result clearly indicates that YwsC proteins catalyze PGA polymerization in an ADP-forming manner, like enzymes belonging to the family of ADP-forming amide bond ligases, such as murein ligases involved in peptidoglycan biosynthesis (5) and folyl-␥-polyglutamate ligases (38) . In contrast, Troy et al. reported that a membrane-bound enzyme preparation from B. licheniformis catalyzes the biosynthesis of poly-␥-glutamate through an adenyl-L-glutamate intermediate, on the basis of detection of AMP as a major product from ATP (12) , which differs from our result. Another difference between the enzyme activities is the requirement for a divalent cation; the membrane-associated enzyme of B. (27) . Western blot and SDS-PAGE analysis of the YwsC-His protein indicated that the gene product is comprised of 44-kDa and 33-kDa proteins ( Fig. 4 and 5) . Furthermore, the results of deletion of the gene and estimation of the molecular weight by SDS-PAGE suggest that the initiation codon of the 33-kDa protein may be the ATG 287 bases downstream from the original one and upstream of which a putative Shine-Dalgarno sequence (GGAGA) exists (Fig. 5) , indicating that ywsC is also an overlapping gene for the 44-kDa and 33-kDa proteins. It is conceivable that the YwsC 33-kDa protein may be expressed in the same manner as the CapBЈ protein of B. anthracis, but the molecular weight of the former is greater than that of the latter, while the molecular weight of the YwsC 44-kDa protein is nearly the same as that of the CapB protein.
YwtA is a hydrophobic protein similar to CapC, which has been suggested to exist as a membrane-integrated protein in the outer surface in B. anthracis (27) . On the other hand, a homology search revealed that YwtA has similarity with SmpA of Staphylococcus epidermidis, which functions as a transport protein for erythromycin (33) . These facts indicate that YwtA plays a role in transportation of ␥-polyglutamate synthesized inside the membrane of B. subtilis. Actually, the ⌬ywtA strain failed to secrete PGA into the medium (Fig. 3 ), but purified YwsC was able to synthesize a certain amount of PGA (Table  1) .
Eveland et al. reported that there are four common homologous regions in enzymes belonging to the family of ADPforming amide bond ligases, including a large number of murein and folyl-␥-polyglutamate ligases, the four regions of which were also found to exist in the CapB protein of B. anthracis (11) . More recently, Sheng et al. demonstrated high degrees of similarity in the structure and function of UDP-Nacetylmuramoyl-L-alanine-D-glutamate and folyl-␥-polyglutamate ligases, although the degree of similarity of the amino acid sequences is not so high (37) .
The fact that there are four common regions in the YwsC 44-kDa and CapB proteins and the fact that ADP is only released as a product of ATP in the biosynthetic reaction of ␥-polyglutamate from L-glutamate by the 44-kDa and 33-kDa proteins suggest that the YwsC 44-kDa protein belongs to the family of ADP-forming amide bond ligases. However, it seems likely that the YwsC protein, working as a ␥-polyglutamate synthetase, differs in structure from other synthetic enzymes of the ADP-forming ligase family, since enzymes such as murein ligases and folyl-␥-polyglutamate ligase function as monomers, while ␥-polyglutamate synthesis is catalyzed by two subunits, the YwsC 44-kDa and 33-kDa proteins.
